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In this work, the impact of ammonium sulfide ((NH,),S) surface treatment on the electri-
cal passivation of the Al,O,/p-GaSb interface is studied for varying sulfide concentrations.
Prior to atomic layer deposition (ALD) of Al,O;, GaSb surfaces were treated in 1%, 5%,
10% and 22% (NH,),S solutions for 10 min at 295 K. The smallest stretch-out and flat-
band voltage shift coupled with the largest capacitance swing, as indicated by capacitance-
voltage (CV) measurements, were obtained for the 1% treatment. The resulting inter-
face defect trap density (D;) distribution showed a minimum value of 4x10'>cm~2eV~!
at E,4+0.27eV. Transmission electron microscopy (TEM) and atomic force microscopy
(AFM) examination revealed the formation of interfacial layers and increased roughness at
the Al,O,/p-GaSb interface of samples treated with 10% and 22% (NH,),S. In combina-

tion, these effects degrade the interface quality as reflected in the C'V characteristics.
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While III- Vs are considered strong candidates for the n-channel transistor in future complementary-

metal-oxide-semiconductor (CMOS) technologies, the p-channel device may be Ge-based.! How-
ever the challenges facing the cointegration of III-V and IV materials' provide a strong argument
for an all III-V CMOS technology. Antimonides, with 2-3x higher hole mobility compared to
Si,? offer a potential p-channel solution. GaSb in particular appears suited; in addition to a hole
mobility of 1000cm?/V.s, highest among III-Vs, it is easy to achieve strong hole inversion in
GaSb.? Nevertheless a low-defect, high-quality dielectric/semiconductor interface remains the
most notable impediment to a III-V logic solution. This is of even greater concern to GaSb
given its higher inherent susceptibility to ambient air exposure.* In turn, GaSb surfaces are ter-
minated with thick native oxides that are neither stable, self-limiting nor abrupt.>® The resulting
defect-dominated interface impairs Fermi Level (Er) movement, thereby limiting the channel
charge modulation capability of metal-oxide-semiconductor field-effect-transistors (MOSFETs).”

t>>8-14 and dry’ chemical treatments have

Together with atomic layer deposition (ALD), both we
been explored on GaSb to overcome these detriments. Of these, HCl and hydrogen plasma treat-
ments have been most effective in alleviating surface oxides, thereby improving the electrical
properties of the high-k/GaSb interface.””'* However ammonium sulfide ((NH,),S), a wet treat-
ment shown to engineer a high-quality high-k/InGaAs interface,!>!® has received little attention
on GaSb. One study'? reported the elimination of Sb oxides following 2% sulfide treatment. The
x-ray photoemission spectroscopy (XPS) analysis further revealed the Ga oxide content to be
lower for (NH,),S compared to NH,OH or HCI treatments. This together with the absence of Sb
oxides led to a larger capacitance swing in the capacitance-voltage (CV) response of the sulfide
treated sample. The removal of Sb oxides and the retention of Ga oxides were also noted for
22% (NH,),S treatments.!! However the effects of the treatment were not electrically assessed in
the study. Other electrical investigations have been limited to combined treatments of (NH,),S
and HCL.3!® Currently a systematic examination of the impact of (NH,),S on the high-k/GaSb
interface for sulfide concentrations in the range 1-22%, similar to that reported for InGaAs,"? is
lacking. In this letter, we report on the investigation of (NH,),S as a standalone surface treatment
for Al,O;/p-GaSb metal-oxide-semiconductor (MOS) system. The effects of the treatment for
varying sulfide concentrations are assessed from frequency dependent CV measurements. We also
correlate the electrical behavior with surface and structural modifications to GaSb resulting from

the treatments.

Epitaxial layers were grown by molecular beam epitaxy (MBE) on a p-type (Zn: 0.8 —



TABLE I. Comparison of stretch-out, flatband voltage shift and frequency dispersion in accumulation be-
tween Au/Ni/Al,Os/p-GaSb MOS capacitors without any treatment (control) and with 1%, 5%, 10% and

22% (NHy4),S treatments. The method of Hillard et al.'” is used in the extraction of V.

Stretch-out (x 10~7 F/fcm?2.V) Flatband voltage shift (mV) Frequency dispersion in accumulation (%/dec)
ACA'"‘/““Z @ (Vip to Vi +0.3) (Vi = Vikaz) @ Vi (Clkﬂél_k:zl M2 1}83:”) @ Vy=-2V
Control -0.81 402.18 Accumulation response not observed
1% (NH4)2S -2.28 171.84 1.12
5% (NH4)>S -1.85 230.01 1.10
10% (NH4)>S -0.83 314.60 1.01
22% (NHy)2S -0.13 1239.38 Accumulation response not observed

1.4x10" cm™) GaAs(100) substrate. Samples comprised, in the order of the p-type layers grown,
a 1um AISb (Be: ~ 5x10'® cm™) buffer, a 150nm GaSb (Be: ~ 5x10'® cm™) buffer and a
500nm GaSb (Be: ~ 4x10'” cm™) channel. Following a 1 min degrease in acetone, methanol
and isopropanol, samples were immersed in (NH,),S solutions for 10 min at room temperature
(~295K). (NH,),S concentrations of 1%, 5%, 10% and 22% in deionized H,O were used. Samples
were introduced into the ALD reactor within ~ 4 min after removal from the sulfide solution. A
8 nm-thick (nominal) Al,O; film was deposited by ALD using alternating pulses of trimethylalu-
minum (TMA) and H,O at 300°C, in a TMA-first sequence. Gate contacts were defined by e-beam
evaporation of Ni (60nm) and Au (80nm) through a shadowmask. Electrical measurements were
performed on-wafer in a dark, electrically-shielded environment.

Shown in Fig. 1 are the room temperature multi-frequency (1 kHz to 1 MHz) CV characteristics
of samples without any treatment (control) and with 1%, 5%, 10% and 22% (NH,),S treatments.
All of the samples exhibit modulation of the capacitance with applied gate bias (V,), with the
level of capacitance modulation being dependent on the concentration of the (NH,),S treatment
prior to the Al,O; ALD process. The treatment comprising 1% (NH,),S clearly improves the CV
response, indicative of a reduced interface defect trap density (D;). However a further increase
in the sulfide concentration leads to a degradation of the CV response. In the case of the 22%
treated sample the capacitance modulation with gate bias is significantly reduced, which suggests
the Fermi Level is pinned at the Al,O,/GaSb interface from a large D; response.

Stretch-out, flatband voltage (Vy,) shift and frequency dispersion in accumulation for all sam-

ples are compared in Table I with definitions used in extracting these metrics indicated. With
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the exception of the 22% treatment, stretch-out and Vy, shift of the other treatments are reduced
from that of the control sample. The smallest stretch-out and Vy, shift are obtained for the 1%
treatment, highlighting its effectiveness in reducing the interface trap density from the valence
band to midgap. While both metrics degrade with increasing (NH,),S concentration, there is no
discernible difference for frequency dispersion in accumulation between the samples with the ex-
ception of the control and 22% treated samples for which an accumulation response is not visible.
The fact that the 1%, 5% and 10% treated samples show an accumulation response is evidence of
the positive impact of the (NH,),S treatment at these concentrations. The small dispersion values
of ~1 %/dec is one indicator of lower D;, towards the valence band.’

An obvious inconsistency observed from Fig. 1 is differing maximum accumulation ca-
pacitance (Cy.x) between the samples. While C,, values are similar for treatments of 1%
(0.845 uF/cm?) and 5% (0.839 uF/cm?) at V,=— 2V, the 10% treated sample exhibits a ca-
pacitance that is ~ 13% lower in comparison. A drastic reduction in Cp,x by ~ 50% is observed

for the 22% treated sample. To investigate this difference, select samples were examined by cross-
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FIG. 1. Multi-frequency (1 kHz to 1 MHz) CV characteristics (~295 K) of Au/Ni/Al,O,/p-GaSb MOS ca-

pacitors with (a) no treatment (control) along with (b) 1%, (c) 5%, (d) 10% and (e) 22% (NH,),S treatments.



sectional transmission electron microscopy (TEM). Shown in Fig. 2 are the TEM micrographs of
W/AL,O,/p-GaSb structures with 1% and 22% (NH,),S treatments (W 1is the capping layer used in
the TEM sample preparation). A uniform Al,O; film with gate dielectric thickness of 8+0.2 nm,
close to the nominal value, is observed for the 1% treatment (Fig. 2(a)). A clear transition from the
crystalline GaSb to the amorphous Al,O;, with no distinct interfacial layer (IL), is further evident.
In marked contrast, the 22% treated sample presents with a very distinct amorphous IL (Fig. 2(b)).
This IL, likely composed of Ga and S,'® results from the enhanced reaction between GaSb and
(NH,),S of higher concentration. Antimony-rich voids'® ranging from 15-25nm in diameter also
appeared to form at non-specific regions along the IL. This IL accounts for the reduction in Cy,ax
of the 22% treated sample according to

Cou = (Col+ G+ G+ oY) (1)
where C, is the gate dielectric capacitance, Cj is the interfacial layer capacitance, Cy is the semi-
conductor capacitance and Cj is the interface trap capacitance. An IL would also explain the drop
in Cyax of the 10% treated sample, although the capacitance is higher than that of the 22% treated
sample. This implies IL is thinner for the 10% compared to the 22% treatment. Therefore IL
thickness appears to be dependent on the concentration of the treatment, with thicker layers re-
sulting from higher sulfide concentrations. Atomic force microscopy (AFM) was used to analyze
the surface roughness of the grown epi following only sulfide treatment. In Table II, root-mean-
square (RMS) roughness measurements for a variety of treatments, based on AFM scans taken
over 5 umx5 um areas, are illustrated. A wider parameter space comprising variations in sulfide

concentration and sample immersion times is investigated. For 1% and 5% treatments, there is

~8nm

(b) 22% (NH,),S

FIG. 2. Cross-sectional TEM micrographs of (a) 1% and (b) 22% (NH,),S treated W/Al,O,/p-GaSb sam-

ples.



no appreciable difference in roughness for all immersion times. In contrast, roughness of 10%
and 22% treatments monotonically increase with longer immersion times. A surface roughness of
3.25nm is noted for the 10 min treatment in 22% (NH,),S. This reflects the pronounced chemi-
cal activity resulting from higher (NH,),S concentrations. Interfacial layers and increased surface
roughness at the higher sulfide concentrations would compromise gate control in MOSFETs.

It is notable the 1%, 5% and 10% treated samples along with the control sample show low-
frequency-like CV behavior for all measured signal frequencies (Fig. 1). The ability of minority
carriers to follow the ac signal (low-frequency behavior) even for a frequency of 1MHz is observed
in narrow bandgap (E,), high intrinsic carrier density (n;) semiconductors for which minority car-
rier response times are very short,!” e.g. InSb, with a bandgap of 0.17 eV.? This is not expected
of GaSb given its E, of 0.726eV and n; of 1.5x10'?cm™,> which is four orders of magnitude
smaller compared to InSb.Testament to this, high-frequency CV behaviors devoid of minority car-
rier response have been demonstrated at 1 MHz on high-k/p-GaSb MOS capacitors.>’ A high Dj
in the upper half of E, is the likely cause of the false inversion response at 1 MHz. To verify this,
the 1 MHz response of the 1% treated sample was measured at temperatures between -40°C and
20°C, the results of which are plotted in Fig. 3. The capacitance dispersion observed in the gate

bias range of +0.5V to +2V is characteristic of interface traps.?’ The reduction in capacitance

TABLE II. Root-mean-square (RMS) roughness from AFM measurements of samples with various (NH,),S

treatments.
Sample Concentration Immersion time RMS roughness
number (% (NHy),S in H,O) (min) (nm)
® 1 1 1.41
(i) 1 5 1.39
(iii) 1 10 1.37
(iv) 5 1 1.41
) 5 5 1.40
(vi) 5 10 1.45
(vii) 10 1 1.83
(viii) 10 5 2.13
(ix) 10 10 2.58
(x) 22 1 2.62
(xi) 22 5 3.00
(xii) 22 10 3.25
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FIG. 3. 1 MHz CV response as a function of temperature (-40°C to 20°C) for Au/Ni/Al,O/p-GaSb MOS

capacitor treated with 1% (NH,),S.

with temperature is related to the exponential dependence of trap emission time constant?*' on the
reciprocal of temperature (7). As the sample temperature is lowered, the interface trap response
becomes suppressed. As a result of the reduced contribution from Cj;, the capacitance in inversion
drops and the CV response approximates towards a high-frequency behavior at lower tempera-
tures. While high-frequency CV responses are observed for 7'< — 10°C, the theoretical minimum
capacitance (Cp;,) of 0.2 uF/cm? in inversion is still not obtained at -40°C. This suggests the trap
response is not completely frozen out and manifests as a capacitive contribution, albeit much re-
duced. These results are evidence of a large D; response in the upper half of E,. The 1% treated
sample though shows a smaller trap response in the bias range of OV to +2V compared to the
other samples. This is inferred from the larger capacitance swing of the 1 MHz response at room
temperature (Fig. 1), which further underscores the effectiveness of the 1% treatment for surface
passivation. In addition, the small capacitance dispersion of ~3.9% at V,= — 1.5V implies the
observed accumulation behavior is highly likely a result of free carriers as opposed to trap induced
response.?’ A Vy, shift of 128 mV is also noted. The minimal vertical and horizontal shifts of the
CV curves with temperature, in accumulation and at flatband respectively, are indicative of lower
D below midgap.

To quantify the trap distribution of the 1% treated sample the high-low frequency CV method?!
is employed. The trap density is derived from the formula

Cox [ Cit/Cox Ch/Cox
Dit(Vg) _ Zox lf/ _ hf/ ,
q 1 - le/Cox 1- Chf/cox

2)

where Cjs is the low-frequency capacitance, Cyy is the high-frequency capacitance and ¢ is the

electron charge. The 1kHz CV data at room temperature was taken as Cy. In contrast, Cy was
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FIG. 4. Dy distribution from weak inversion towards the majority carrier band edge of 1% (NH,),S treated

sample extracted based on the temperature modified high-low frequency CV method.

based on the IMHz CV data obtained at -40°C to minimize the interface trap response, thereby
providing for a more accurate D;, determination.'> Surface potential (1) as function of gate bias
was obtained from the Berglund integral.’> The D;— profile was then extracted over a limited
range of the bandgap (from 0.15 eV to 0.46 eV) since the method is only valid from weak inversion
towards the majority carrier band edge.?! The resulting D;, distribution is summarized in Fig. 4. A
U-shaped distribution is observed with minimum D;; of 4x10'>cm=2eV~! at E,+0.27¢eV. Such a
D;, profile close to midgap offers the possibility of lower subthreshold swings of benefit to off-state
MOSFET operation.’

In summary, the effectiveness of (NH,),S surface treatments at concentrations of 1%, 5%,
10% and 22% were assessed for improving the electrical properties of the Al,O,/p-GaSb inter-
face. Based on CV measurements, the 1% treated sample exhibited the largest capacitance swing
together with the smallest stretch-out and flatband voltage shift. Alternatively, the 22% treatment
resulted in a pinned Fermi level at the interface. Low-frequency CV behavior of samples at all
signal frequencies was indicative of a large D; response in the upper half of E,. Analysis based
on TEM and AFM revealed the formation of IL and increased roughness at the high-k/p-GaSb
interface for 10% and 22% sulfide treatments. The combination of these effects led to the degrada-
tion of the electrical properties reflected in the CV responses. The extracted D;; of the 1% treated
sample shows a U-shaped profile with a minimum of 4x10'? cm~2eV~! at E,+0.27eV. While 1%
treatment is shown to be most effective in this study, this may not necessarily be the optimum
treatment for Al,O,/GaSb interface passivation. Sulfide treatments at concentrations between 0%

and 5% require further investigation.
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